, and induced contraction (19, 23, 26, 28, 34) (35, 51, 53, 62) .
and the rate at which extracellular Mn 2ϩ quenched fura-2 fluorescence. These effects, as well as the increased [Ca 2ϩ ]i caused by hypoxia in PASMCs perfused with normal salt solutions, were blocked by the SOCC antagonists SKF-96365, NiCl2, and LaCl3 at concentrations that inhibited CCE Ͼ80% but did not alter [Ca 2ϩ ]i responses to 60 mM KCl. In contrast, the VOCC antagonist nifedipine inhibited [Ca 2ϩ ]i responses to hypoxia by only 50% at concentrations that completely blocked responses to KCl. The increased [Ca 2ϩ ]i caused by hypoxia was completely reversed by perfusion with Ca 2ϩ -free KRBS. LaCl3 increased basal [Ca 2ϩ ]i during normoxia, indicating effects other than inhibition of SOCCs. Our results suggest that acute hypoxia enhances CCE through SOCCs in distal PASMCs, leading to depolarization, secondary activation of VOCCs, and increased [Ca 2ϩ ]i. SOCCs and CCE may play important roles in HPV.
vascular smooth muscle; calcium; ion channels; pulmonary artery; rat HYPOXIC PULMONARY VASOCONSTRICTION (HPV) plays important roles in health and disease, but its mechanisms remain unclear (60) . Although pulmonary arterial endothelial cells exert major influence (26, 49, 68) , the essential sensor, transducer, and effector mechanisms of HPV are thought to be contained within pulmonary arterial smooth muscle cells (PASMCs). Considerable evidence suggests that hypoxia inhibits sarcolemmal voltage-dependent potassium (K V ) channels in these cells, leading to depolarization, activation of voltage-operated Ca 2ϩ channels (VOCCs), Ca 2ϩ influx, Ca 2ϩ /calmodulin-dependent activation of myosin light chain kinase, phosphorylation of myosin light chains, actin-myosin interaction, and contraction. This evidence includes demonstration that hypoxia reduced K V currents (40, 41, 49, 71) (2, 3, 7, 8, 40, 43, 45, 49, 63, 64, 72) , and induced contraction (19, 23, 26, 28, 34) in isolated pulmonary arteries (PAs) and PASMCs. Moreover, VOCC antagonists or removal of extracellular Ca 2ϩ inhibited hypoxic responses in isolated PAs (19, 23, 26) and PASMCs (3, 7, 63) , as well as HPV in isolated lungs (31, 42, 56) and intact animals (35, 51, 53, 62) .
Other data, however, suggest that mechanisms of HPV are more complicated. K V channel antagonists did not prevent hypoxic responses in PASMCs (49), PAs (1), or isolated lungs (5, 16) . In addition, antagonists of VOCCs did not completely block [Ca 2ϩ ] i responses to hypoxia in PASMCs (7, 20, 45) or HPV in isolated lungs (31) . Furthermore, contractile and [Ca 2ϩ ] i responses to hypoxia persisted in PAs after depolarization and inhibition of VOCCs (44) , and the increase in [Ca 2ϩ ] i caused by hypoxia in PASMCs occurred before depolarization (40) . Finally, hypoxic responses in PASMCs (64), PAs (18, 26) , and isolated lungs (33) were inhibited by ryanodine, which blocks Ca 2ϩ release from sarcoplasmic reticulum (SR). These data suggest that HPV requires Ca 2ϩ release from SR and Ca 2ϩ influx through pathways other than VOCCs. One such pathway could be capacitative Ca 2ϩ entry (CCE). Although CCE has long been recognized as a major pathway for Ca 2ϩ influx in nonexcitable cells, there is growing appreciation that CCE is also important in excitable cells, such as vascular smooth muscle (12, 30, 48, 54) . CCE is triggered by depletion of SR Ca 2ϩ stores, which can result from either enhanced release of SR Ca 2ϩ through ryanodine and inositol 1,4,5-trisphosphate receptors in the SR membrane or depressed SR Ca 2ϩ uptake by sarcoplasmic-endoplasmic reticulum Ca 2ϩ
ATPases. The pathway for CCE is probably sarcolemmal cation channels composed of proteins homologous to the transient receptor potential (TRP) proteins that provide Ca 2ϩ entry in photoreceptor cells of Drosophila melanogaster (32, 38) . CCE is thought to replete SR Ca 2ϩ stores and signal cellular responses (38) .
Previously, we (65) and others (13, 20, 21, 29, 36, 52, 58) found that CCE and TRP proteins were expressed in PASMCs. Here, we test the hypothesis that the increase in [Ca 2ϩ ] i caused by acute hypoxia in PASMCs requires enhanced CCE. A preliminary report of our findings has appeared (66) .
METHODS
Cell isolation and culture. Distal (Ͼ4th generation) intrapulmonary arteries and descending thoracic aortas were dissected from male Wistar rats (body wt ϭ 300 -500 g). Endothelium was removed with a cotton swab. As previously described (65) , myocytes were obtained by enzymatic digestion and cultured for 3-6 days in smooth muscle growth medium 2 (Clonetics, Walkersville, MD) containing 5% serum in a humidified atmosphere of 5% CO 2-95% air at 37°C. Twenty-four hours before an experiment, serum concentration in culture media was decreased to 0.3% to stop cell growth. Cellular purity of cultures, as assessed by morphological appearance under phase-contrast microscopy and immunofluorescence staining for ␣-actin (65), was Ͼ95%. On the day of the experiment, we also confirmed that 60 (44, 52, 65) . This perfusate contained (in mM) 130 NaCl, 5 KCl, 2.5 CaCl2, 1.2 MgCl2, 10 HEPES, and 10 glucose and was equilibrated with 16, 4, or 2% O 2-balance N2.
After perfusion for 10 min to remove extracellular dye, we measured fura-2 fluorescence emitted at 510 nm after excitation at 340 and 380 nm (F 340, F380) at 30-to 60-s intervals in 15-30 cells using a xenon arc lamp, interference filters, electronic shutter, ϫ20 fluorescence objective, and cooled charge-coupled device imaging camera, as previously described (65) . Protocols were executed and data were collected on-line with InCyte software (Intracellular Imaging, Cincinnati, OH). Fura-2 fluorescence ratios (R ϭ F 340/F380) allowed estimation of [Ca 2ϩ ]i from R measured in calibration solutions with [Ca 2ϩ ] between 0 and 1,350 nM (Molecular Probes). To determine whether hypoxia altered behavior of fura-2 in PASMCs, as reported for endothelial cells (55), we perfused PASMCs at 37°C with KRBS without added Ca 2ϩ after equilibration with 5% CO2 and either 16 or 4% O2. After 10 -15 min, we depleted SR Ca 2ϩ stores by adding cyclopiazonic acid (CPA, 10 M), an inhibitor of SR Ca 2ϩ -ATPase, to the perfusate. After an additional 10 min, we perfused cells with one of three KRB calibrating solutions containing 10 M CPA, 10 M 4-bromo-A23187 (a nonfluorescent Ca 2ϩ ionophore), and either 1) 2.5 mM [Ca 2ϩ ], 2) no added Ca 2ϩ and 5 mM EGTA, or 3) the Ca 2ϩ buffer dibromo-BAPTA (1 mM) and sufficient Ca 2ϩ to yield a free [Ca 2ϩ ] of 897 nM, as determined by a computer program (http://www.stanford.edu/ϳcpatton/maxc.html) that takes pH, temperature, and ionic strength into account (39) . Stable levels of F 340 and F380 were achieved within 5 min and used to calculate maximum, minimum, and intermediate values of R (Rmax, Rmin, and Rmed, respectively) after subtraction of background fluorescence, which was estimated as the minimal fluorescence achieved during a subsequent 10-min perfusion with Ca 2ϩ -free KRBS containing CPA, 4-bromo-A23187, and 0.5 mM MnCl2. Under normoxic conditions, Rmin, Rmed, and Rmax averaged 0.535 (SD 0.088), 1.988 (SD 0.279), and 3.257 (SD 0.433), respectively (n ϭ 5, 5, and 6). These values did not differ significantly from those measured under hypoxic conditions [0.562 (SD 0.030), 2.096 (SD 0.313), and 3.519 (SD 0.155), respectively; n ϭ 5 in each group], indicating that hypoxia did not alter behavior of fura-2 in our cells.
To assess CCE, we perfused PASMCs for 10 -15 min with normoxic or hypoxic Ca 2ϩ -free KRBS containing 0.5 mM EGTA to chelate residual Ca 2ϩ , 5 M nifedipine to prevent Ca 2ϩ entry through L-type VOCCs, and 10 mol/l CPA to deplete SR Ca 2ϩ stores. EGTA was not included in the Ca 2ϩ -free HBSS used in La 3ϩ experiments. When used, CCE antagonists (SKF-96365, NiCl 2, and LaCl3) were added to the perfusate at the same time as CPA. We then estimated CCE as previously described (65) Drugs and materials. Fura-2 AM (Molecular Probes) was prepared on the day of the experiment as a 2.5 mM stock solution in dimethyl sulfoxide (DMSO). Stock solutions of SKF-96365 (10 mM), LaCl 3 (100 mM), and NiCl2 (500 mM) in water and CPA (30 mM), nifedipine (30 mM), and 4-bromo-A23187 (10 mM) in DMSO were made daily. All of these agents were obtained from Sigma Chemical, St. Louis, MO, except 4-bromo-A23187 (CalBiochem, La Jolla, CA). The KRB intermediate Ca 2ϩ calibration solution (see above) was made by adding appropriate amounts of dibromo-BAPTA (Molecular Probes), CaCl 2 standard solution (0.5 mol/l, Sigma Chemical), and highly purified NaCl, NaHCO3, KCl, and KH2PO4 (Biochemika Ultra, Sigma Chemical) to deionized water equilibrated with 16% O 2-5% CO2 at 37°C.
Statistical analysis. Unless otherwise indicated, data are expressed as means Ϯ SE, and n ϭ number of experiments performed, where the number of cells in each experiment ϭ 15-30, as indicated in figure legends. Statistical comparisons were performed using Student's t-test or analysis of variance. In these analyses, mean data across 15-30 cells in each experiment were entered as an n of 1. Differences were considered significant when P Ͻ 0.05.
RESULTS
In PASMCs, acute hypoxia increased [Ca 2ϩ ] i in a concentration-dependent manner (Fig. 1, A and C) . The [Ca 2ϩ ] i response to hypoxia was consistent among cells in individual experiments (Fig. 2) and half-maximum at a PO 2 of 39 mmHg (Fig. 1D) . PASMCs and aortic smooth muscle cells (ASMCs), which were isolated and cultured in the same manner as PASMCs, increased [Ca 2ϩ ] i in response to 60 mM KCl (Fig.  1B) , but ASMCs did not increase [Ca 2ϩ ] i in response to hypoxia (Fig. 1A) .
Perfusion 3A) . In contrast, the L-type VOCC antagonist nifedipine, given in a concentration (5 M) that completely blocked the [Ca 2ϩ ] i response to KCl (Fig. 3B) , only partially prevented (Fig. 3C) or reversed (Fig. 3D) -free KRBS containing CPA and nifedipine. As shown in Fig. 4, A (Fig. 4, C and D) . (Fig. 5,  A and B) , indicating that Ca 2ϩ influx was negligible under these conditions. Hypoxia in the absence of CPA increased Mn 2ϩ quenching, indicating hypoxic activation of Ca 2ϩ entry through channels other than VOCCs (Fig. 5, A and B) . Depletion of SR Ca 2ϩ stores with CPA markedly increased Mn 2ϩ quenching in normoxic cells, and this increase was further enhanced by hypoxia (Fig. 5, C and D) . Similar results were obtained in PASMCs perfused with Ca 2ϩ -free HBSS containing CPA and nifedipine (Fig. 5, E and F) . The curvilinearity of the average fluorescence-time relationship after administration of Mn 2ϩ during hypoxia (Fig. 5 , C and E) was due to achievement of minimal background fluorescence before 10 min in some cells.
Because 50 M SKF-96365, 500 M Ni 2ϩ , and 100 M La 3ϩ inhibited CCE by Ͼ80% in rat distal PASMCs during normoxia (65), we determined whether these concentrations would also prevent enhancement of CCE by hypoxia. As shown in Fig. 6, A and B ] in hypoxic PASMCs. La 3ϩ had similar effects in hypoxic PASMCs perfused with bicarbonate-, phosphate-, and EGTA-free HBSS (Fig. 6, C and D) . These antagonists also reversed increases in Mn 2ϩ quenching caused by hypoxia alone (Fig. 7, A and B) or hypoxia ϩ CPA (Fig. 7, C-F (Fig. 8, A and B ] i in PASMCs, but not ASMCs (Fig. 1A) . This response required extracellular Ca 2ϩ (Fig. 3A ) and was half-maximal at a PO 2 of 39 mmHg (Fig. 2, C and D) . These findings are consistent with previous observations in PASMCs (3, 8, 37, 45, 49, 63, 64, 72) , PAs (15, 17, 26, 47) , and lungs (4, 11, 57, 59) and confirm the physiological relevance of our preparation. Consistent with previous observations in PASMCs and isolated lungs (7, 20, 31, 45) , the L-type VOCC antagonist nifedipine (5 M) only partially prevented (Fig. 3C) or reversed (Fig. 3D) and contractions or increased [Ca 2ϩ ] i upon restoration of extracellular Ca 2ϩ (10, 14, 21, 29, 36, 44, 52, 65) . In PASMCs subjected to patch clamping under conditions designed to isolate Ca 2ϩ currents, CPA or TG elicited currents with reversal potentials near 0 mV (13, 29, 36, 52, 58, 70) . These responses were blocked by SOCC antagonists such as La 3ϩ , Cd 2ϩ , Ni 2ϩ , and SKF-96365, but not by VOCC antagonists such as nifedipine.
To determine whether hypoxia increased CCE, we first measured the effects of restoring extracellular Ca 2ϩ in PASMCs perfused with Ca 2ϩ -free salt solutions containing CPA to deplete SR Ca 2ϩ stores and activate SOCCs, and nifedipine to block Ca 2ϩ entry through L-type VOCCs. As shown in Fig. 4, hypoxia (21) . Because of these possibilities, we next determined the effects of hypoxia on Ca 2ϩ influx more directly by measuring the rate at which Mn 2ϩ quenched fura-2 fluorescence in PASMCs perfused with Ca 2ϩ -free salt solutions containing CPA and nifedipine. As shown in Fig. 5, C-F (25, 36) . In PASMCs, we (65) previously found that Ca 2ϩ influx through SOCCs was blocked Ͼ80% by SKF-96365, La 3ϩ , and Ni 2ϩ at concentrations that did not inhibit VOCCs (50, 100, and 500 M, respectively). In the present study, these concentrations blocked hypoxic enhancement of both the [Ca 2ϩ ] i response to extracellular Ca 2ϩ restoration (Fig. 6 ) and the rate of Mn 2ϩ quenching (Fig. 7, C and D) . These results provide additional evidence that hypoxia potentiated CCE through SOCCs.
In normoxic PASMCs treated with nifedipine but not CPA, Mn 2ϩ quenching did not differ from the spontaneous decline of fluorescence in cells not exposed to Mn 2ϩ (Fig. 5, A and B) , indicating that Ca 2ϩ entry through pathways other than VOCCs was negligible during normoxia. During hypoxia, however, the rate of Mn 2ϩ quenching in the absence of CPA increased, and this increase was blocked by SKF-96365 and NiCl 2 (Fig. 7, A and B) . These results suggest that hypoxia was able to evoke CCE on its own, as well as amplify CCE triggered by CPA. These effects of hypoxia could result from either depletion of SR Ca 2ϩ stores or facilitation of signal transduction pathways linking store depletion to SOCC activation. The former is consistent with proposals that hypoxia causes release of SR Ca 2ϩ in PASMCs (9, 18, 20, 28, 45, 64) ; however, if CPA depleted SR Ca 2ϩ stores completely, the latter may also have occurred.
In contrast to our results, Kang et al. (21) were unable to demonstrate that hypoxia increased the rate of Mn 2ϩ quenching in distal PASMCs exposed to Ca 2ϩ -free conditions and nifedipine. This discrepancy could be due to differences in species (rat vs. rabbit), cell culture protocol (primary culture with 1-2 serum-free days before study vs. resuspension of frozen confluent cells and culture in 10% serum for 2-3 days before study), temperature (37 vs. 33-34°C), or stimulus (4% O 2 in the presence of 10 mM glucose vs. 0% O 2 in the absence of glucose). Among these differences, we speculate that the last may be the most significant, because anoxia without glucose, unlike anoxia with glucose, caused profound acidosis and deterioration of energy state in pulmonary arterial smooth muscle (24) . Such changes, which were similar in degree to those induced by 10 mM NaCN (24), might be severe enough to cause cell injury, disrupt normal ionic homeostasis, or alter affinity of intracellular fura-2 for Mn 2ϩ and Ca 2ϩ . Alternatively, autofluorescence due to the marked increases in NAD(P)H that would be expected to occur under these severe conditions may have interfered with measurement of fura-2 fluorescence (22) .
To confirm that the [Ca 2ϩ ] i response to hypoxia (Fig. 1 ) required activation of SOCCs, we measured effects of SKF-96365 and NiCl 2 in PASMCs perfused with normal KRBS (Fig. 8) . Both agents caused concentration-dependent inhibition of the hypoxic response, with estimated IC 50 ϭ 3.2 and 36.7 M, respectively (Fig. 8C) . These values are comparable to concentrations found to inhibit CCE in other preparations (10, 13, 29, 36, 61, 69) and with our own measurements in rat distal PASMCs (6.3 and 191 M, respectively) (65 (21, 50) . Nevertheless, 100 M LaCl 3 , which abolished CCE in rat distal PASMCs (65) , also abolished the [Ca 2ϩ ] i response to hypoxia (Fig. 9) . Together, our results provide strong evidence that SOCCs were essential contributors to the [Ca 2ϩ ] i response to hypoxia in rat distal PASMCs. It remains possible that recently hypothesized, SKF-96365-sensitive, store-and voltage-independent Ca 2ϩ channels may also have played a role (44) .
The highest concentrations of SKF-96365, LaCl 3 , and NiCl 2 (50, 100, and 500 M, respectively) completely blocked the [Ca 2ϩ ] i response to hypoxia (Figs. 8 and 9) but did not alter the [Ca 2ϩ ] i response to KCl (65) . In contrast, nifedipine (5 M) completely blocked the response to KCl (Fig. 3B ) but only partially inhibited the response to hypoxia (Fig. 3, C and D) . These data suggest that the increase in [Ca 2ϩ ] i caused by hypoxia was due primarily to activation of SOCCs and secondarily to activation of VOCCs. Because SOCCs are probably nonspecific cation channels with equilibrium potentials near 0 mV (38) (6) . Further investigation is needed to evaluate these possibilities and to clarify the role of SOCCs and CCE in HPV.
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